We theoretically and experimentally propose two designs of broadband low-frequency acoustic metasurface absorbers (Sample I/Sample II) for the frequency ranges of 458Hz~968Hz and 231Hz~491Hz (larger than 1 octave), with absorption larger than 0.8, and having the ultrathin thickness of 5.2cm and 10.4cm respectively (λ/15 for the lowest working frequency and λ/7.5 for the highest frequency). The designed supercell consists of 16 different unit cells corresponding to 16 eigen frequencies for resonant absorptions. The coupling of multiple resonances leads to broadband absorption effect in the full range of the targeted frequency spectrum. In particular, we propose to combine gradient-change channel and coiled structure to achieve simultaneous impedance matching and minimal occupied space, leading to the ultra-thin thickness of the metasurface absorbers. Our conceived ultra-thin low-frequency broadband absorbers may lead to pragmatic implementations and applications in noise control field.
Sound absorption is important and even crucial in many occasions, such as architectural acoustics, reducing noise that can arise from machines, vehicle, or large-scale computers. The emergence of acoustic metamaterials [1] [2] and acoustic metasurfaces [3] provide new ways to design acoustic functional devices. During the past several years, various acoustic metamaterial/metasurface-based absorbers [4] have been designed. Owing to the subwavelength feature of the acoustic resonant unit, the acoustic metamaterial/metasurface absorbers [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] can be very thin compared to conventional acoustic absorbers (such as porous and fibrous materials), which provide great flexibilities in real-world applications such as in architectural acoustics [22] .
However, these designs based on coupled resonant systems [5] [6] [7] [8] [9] [10] [11] [12] [13] or coiling-up-space structures [12] [13] [14] [15] [16] [17] [18] [19] usually have limited (less than 1/3 octave) or discontinuous bandwidths. Some designs have coupled more resonant units to improve the bandwidths to be about 2/3 octave [20] [21] .
To further improve the bandwidth (larger than 1 octave) of the acoustic absorber, various meta-structure designs are proposed, such as using fractal structure [23] or gradient structures [24] .
However, the sample thicknesses in sound propagating direction [23] [24] are comparable to the wavelength. Very recently, optimal sound-absorbing structures based on multiple resonant tubes [25] have been proposed to achieve highly efficient absorption within about 350Hz-3000Hz frequency range, with the structure thickness also close to λ/10 for the lowest working frequency.
Another design [26] using gradient Helmholtz resonators has achieved bandwidth larger than 1 octave with the similar sample thickness (λ/10 for the lowest working frequency).
In this work, we propose a broadband acoustic metasurface absorber (AMA) having a deepsubwavelength thickness in the full working bandwidth [3] . Inspired by the optimal soundabsorbing structures reported in Ref. 25 , but different from them, we propose to use a transformative coiled structure combined with a gradient-change channel as the unit cell to significantly decrease the thickness of the AMA [27] . It can achieve good impedance matching between the narrow coiled tubes and the free space, and at the same time minimize the occupied space. We propose two ultra-thin designs (Sample I/Sample II) 5.2cm/10.4cm, (viz., λ/15 for the lowest working frequency, and λ/7.5 for the highest working frequency) for our designed AMAs.
The obtained absorption is higher than 0.8 (averaged absorption is near 0.9) within the frequency ranges of 458Hz~968Hz/231Hz~491Hz, respectively.
The schematic diagram of the designed AMA is shown in Fig. 1. Figures 1(a) and 1(b) show the three-dimensional (3D) view and the top view of the AMA. The latter is a periodic array whose supercell (marked by red dashed frames) consists of 4×4 unit cells. (1) The gradient-change channel (GCC): the cross-sectional area of the channel is gradually changed. The thickness of the GCC part is 1cm.
(2) The coiled tube (CT): the coiled tube has a "gluttonous snake" (zigzag) structure. The thickness of the CT part is 4cm.
The GCC is employed to achieve good acoustic impedance matching between the opening of the air cavity (width is w0=0.5cm) and the narrow CT (width is w1=0.15cm). The impedance matching is necessary to make the incident acoustic wave totally coupled with the CT and dissipated inside.
The thermal-viscous absorption can be very large (near to 1) at the Fabry-Perot (FP) resonant frequency of the CT. The resonant frequency is determined by the total length of the CT, viz., the total length of CT corresponds to 1/4 of the resonant wavelength [25] .
Another advantage of the deigned GCC is that it occupies minimum space. After using the GCC, w1=0.3w0 is obtained. In this case, obviously different from a simple straight tube (viz., w0≈w1), we have more space to design the CT within the dimension of the unit cell, leading to the ultra-thin thickness of the AMA. In our design, we set 16 different total effective lengths (Leff) of the CT to achieve 16 different resonant absorption peaks to ultimately realize broadband absorption [25] . Leff values are ranging from 7.55cm to 16.45cm for the 16 unit cells as shown in Fig. 1(e) (the curve marked by CT). The unit cells are designed in pairs as shown in Fig. 1(d-f) , illustrating that the length sum of two CTs is fixed, making a pair of CTs occupy the entire space of 1.2cm×0.6cm×4cm. Considering the thickness of the GCC part, the effective total length of the 16 unit cells is ranging from 8.75cm to 19.3cm (the curve marked by GCC+CT). This is calculated by: (1) where is the FP resonant frequency of the air channel and c0 is the sound speed in the air. It is noted that, the maximum of Leff is 19.3cm, which is realized in 5cm thickness, showing the high space utilization (386%) of the proposed method. Here, the average absorption is about 0.9. The reason behind it could not reach to the full is that the GCC part still have little impedance mismatching which deviates the effective acoustic impedance from ρ0c0. It is worth nothing that the simulated and measured sound absorptions out of the bandwidth (<450Hz, >1000Hz) is not close to zero. This is due to the fact that at the nonresonant (weak-resonant) region, sound wave is partly dissipative in the narrow air channels. slightly decreased for the sample II. This is can be numerically explained by the thickness of thermal-viscous boundary layer [29] which is given by:
After normalized to the wavelength, we have achieved , indicating that the increase of λ leads to decreasing of . It indicates that the absorption at lower frequency is more difficult to achieve by the acoustic meta structure. We have also further studied the evanescent wave modes at the surface of the sample. In conclusion, we have designed and experimentally demonstrated the two designs of broadband low-frequency acoustic-metasurface-absorbers (larger than 1 octave), with the absorption larger than 0.8 (averaged absorption is near 0.9), and ultra-thin thickness (λ/15 for the lowest working frequency and λ/7.5 for the highest working frequency). The design strategy is based on combining gradient-change channel and coiled structure to achieve simultaneous good impedance matching and minimal occupied space. Specifically, the simulated (and measured) absorption of Sample I (thickness=5.2cm) is larger than 0.8 within 458Hz~968Hz
(450Hz~1004Hz). The simulated (and measured) averaged absorption is 0.892 (0.911). The simulated (and measured) absorption of Sample II (thickness=10.4cm) is larger than 0.8 within 231Hz~491Hz (232Hz~508Hz). The simulated (and measured) averaged absorption is 0.885 (0.897). We can also design for other working wavelengths by scaling the sample size. Compared to the previous reported design of optimal sound-absorbing structures [25] , the lowest working frequency can be reduced from about 350Hz to 231Hz, or say the thickness (λ/15) is 2/3 of the previous design (λ/10). On the other hand, our designs do not need to use the sponge at the surface of the sample [25] to ensure the continuous high absorption spectrum (larger than 0.8). Our proposed strategy may also be enlightening to reduce the thickness of acoustic functional metadevices operating in the challenging low-frequency range. Eventually, the bandwidth of the proposed designs outperforms most of previous resonance-based AMAs, which could bring a real added value for the applications related to noise control and acoustic pollution suppression.
